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Summary 
 
Some polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in air and 
have been implicated as carcinogenic materials. Therefore, literature is 
replete with studies that are focused on their occurrence and profiles in 
indoor and outdoor air samples. However, because the relative potency of 
individual PAHs vary widely, health risks associated with the presence of 
PAHs in a particular environment cannot be extrapolated directly from the 
concentrations of individual PAHs in that environment. In addition, database 
on the potency of PAH mixtures is currently limited. In this paper, we have 
utilized multi-criteria decision making methods (MCDMs) to simultaneously 
correlate PAH-related health risk in some microenvironments to the 
concentration levels, ethoxyresorufin-O-deethylase (EROD) activity 
induction equivalency factors and toxic equivalency factors (TEFs) of PAHs 
found in those microenvironments. The results showed that the relative risk 
associated with PAHs in different air samples depends on the index used. 
Nevertheless, this approach offers a promising tool that could help identify 
microenvironments of concern and assist the prioritisation of control 
strategies.  
Keywords: Risk assessment, PAHs, toxic equivalency factors, 
chemometrics. 
 
1. Introduction 
 
Polycyclic aromatic hydrocarbons (PAHs) are a 
class of semi-volatile compounds, which contain 
two or more fused aromatic rings. They enter the 
environment through numerous sources, including 
combustion processes such as smoking, cooking 
and vehicular emission. Therefore, they are 
ubiquitous air pollutants and have attracted 
substantial research interests. Such interests are 
driven, in part, by the links between exposure to 
PAHs and adverse health effects such as cancer 
and endocrine disruption (Clemons et al. 1998, 
Baek et al. 1991). 
The lighter PAHs exist predominantly as gases 
while, depending on their molecular masses, the 
heavier ones exist as gases and particles or 
exclusively as particles. Although the lighter PAHs 
are the most abundant and most commonly 
encountered in urban air, it is their heavier 
counterparts that have been associated with 
adverse health effects. For example, benzo (a) 
pyrene is a carcinogenic material (IARC, 1984) 
while benzo(a) anthracene, pyrene and benzo (a) 
pyrene induce estrogenic activities (Clemons et al. 
1998). 
Therefore, it is no longer enough to examine and 
discuss the spatial and temporal distribution of 
PAHs. A method that would aid quantitative 
assessment of the risk posed by PAHs must be 
devised. Such a method could also be applied in 
reverse to facilitate the identification of the relative 
toxicity of individual PAHs from a database that 
contains human exposure-response information. 
In this regard, it is noteworthy that although the 
potencies of individual compounds differ widely 
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within a given class of compounds, in vivo toxicity 
data has revealed that polychlorinated dibenzo-p-
dioxins (PCDDs), dibenzofurans (PCDFs) and 
biphenyls (PCB) interact with biological systems by 
common mechanisms that involve the binding of 
the aryl hydrocarbon (Ah) receptor in the initial 
step, (Van den Berg et al. 1998). Consequently, 
toxicity equivalency (TEQs), ethoxyresorufin-O-
deethylase (EROD) activity induction potency and 
toxic equivalency factors (TEFs) are frequently 
employed to evaluate the risk posed by such 
compounds to biological systems (see for example 
Van den Berg et al 1998 for a detailed discussion of 
these concepts). Similar concepts have now been 
extended to PAHs (Petry et al. 1996, Clemons et al. 
1998, Li et al. 2003). Unfortunately, several 
substantially different TEF schemes for PAHs are 
available (Petry et al. 1996) and there is an urgent 
need to adopt a universal approach to the 
assessment of risk associated with airborne PAHs. 
The use of the World Health Organisation (WHO) 
approved TEF values, as well as deterministic and 
probabilistic analyses in PCDDs, PCDFs and PCBs 
exposure assessment is now commonplace (Finley 
et al. 2003). However, this is not the case for the 
corresponding PAH assessment, where risk factor 
is still based either on BAP equivalent factor or on 
one of the several TEF values that are available in 
the literature (Petry et al. 1996). Because no 
common WHO approved TEF values for PAHs are 
presently in use, we reasoned that there is a place 
for multi-criteria decision making (MCDM) methods 
in the assessment of the risk associated with PAH 
exposure. One of the possible advantages of using 
MCDM methods, such as PROMETHEE 
(Preference Ranking Organisation Method for 
Enrichment Evaluation) and GAIA (Geometrical 
Analysis for Interactive Aid) (Espinasse et. al. 1997) 
in risk assessments is that they are capable of 
assessing exposure on the basis of different TEF 
and EROD activity potency schemes 
simultaneously. In the context of human exposure, 
such an approach is capable of producing a single 
compromise solution to the problem at hand. 
Additionally, it offers a promising tool that could 
help identify microenvironments of concern and 
assist the prioritisation of remedial actions. 
Therefore, this paper explores the possibility of 
using MCDM methods in risk assessment and 
examines whether this approach produces a better 
outcome than the classical ‘Benzo [a] pyrene 
equivalent’ (BaPeq) approach (Petry et al. 1996).  
 
Experimental Methods 
1.1. Description of the data used for the work. 
Three sets of data have been used for this work. 
The primary data matrix was obtained from the 
analysis of air samples collected from urban sites 
around Brisbane. Detailed description of the 
sampling sites and methods of chemical analyses 
are as described in Lim et al. 2004. Briefly, the PAH 
profiles of air samples from the Woolloongabba 
concourse (WC), Woollongabba Bus Platform 
(WBP), ANZ stadium (ANZ) and Queensland 
University of Technology Gardens Point Campus 
(QUT) were obtained. Woolloongabba Concourse 
Area was on the street level at a height of 7 meters 
above the bus lanes and opposite the main street 
ANZ stadium is located near a busy intersection 
between Kessel Road and Main Road. The 
Queensland University of Technology site is 
located on the 6th level of a building facing the 
Southeast Freeway in the University’s Gardens 
Point Campus.  
To examine the applicability of the method 
explored to a wider range of airborne PAH data, it 
was validated on two literature matrices. One of 
these was obtained from an earlier study of urban 
air in Brisbane (Muller et al.1998) and the other 
was reported for the industrial environments in 
Switzerland (Petry et al.1996). Both studies 
assessed the risk posed by airborne PAHs in terms 
of BaPeq and it was of interest to compare the 
outcome of that approach with the one being 
explored in this paper. 
3. Data Analysis 
People are often faced with the task of making 
decisions. This may involve selecting a preferred 
action out of several other alternatives (eg. 
choosing the site that is least polluted from a set of 
sites or determining the best way to express risk 
assessment to an environmental pollutant).  In 
practical terms, such processes are complicated by 
the facts that several objectives and criteria must 
be considered systematically and simultaneously. 
Fortunately, formal approaches that can enhance 
multi-criteria decision-making are now available 
(Stewart, 1992; Massart et al 1997). Of these 
approaches, PROMETHEE, which was originally 
developed to aid the selection of the best location 
for factories (Brans & Mareschall, 1989), is finding 
increasing application in many areas of applied 
science. PROMETHEE, an outranking method, 
ranks alternatives on the basis of a set of criteria 
and is often coupled to the visual display tool, GAIA 
(Graphical Analysis for Interactive Assistance) in 
the Decision Lab 2000 software used for the data 
analysis. 
The application of this approach to the present 
problem involved steps, which were fully discussed 
elsewhere (Ayoko et al. 2004) but summarised 
below: (a) a data matrix consisting of decision 
alternatives and the criteria on which the decisions 
would be made was loaded onto the software, (b) 
the analyst indicated whether higher or lower 
values are preferred for each criterion, (c) the raw 
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data matrix was converted (by the software) into a 
difference matrix, which contained the difference 
between alternative values for each criterion, (d) 
one of the six preference functions available in 
PROMTHEEE was applied to each criterion, (e) the 
global preference index was computed from the 
sum of the preference values for each object, (f) 
positive and negative outranking flows were 
computed (where the positive outranking flow, +, 
expresses how an object outranks all other objects 
and the negative outranking flow -, indicates how 
other objects outrank the objects), (g) pair-wise 
comparison of the outranking flows was undertaken 
for each alternative and partial ranking of the 
alternatives were obtained and (h) the net ranking 
flow, , (where = +--) and complete ranking of 
the objects were computed so that the object with 
the highest  values was considered the best and 
vice versa. 
Using the steps outlined above, the 
microenvironments were ranked on the basis of (i) 
the concentrations of individual PAHs at each 
environment and (ii) the TEFs and EROD values for 
the PAHs detected at the environment. Only a few 
environments, 15 PAHs and 8 different TEF and 
EROD induction potency scales were involved. 
Hence, a non-parametric method such as 
PROMETHEE was required for the ranking. In 
addition, since the ranking information expected 
from the use of the different TEF scales could be 
significantly different, software with a multi-scenario 
function that could be used for the comparison, 
analysis and summation of the different scenarios 
was preferred. Thus, the Decision Lab 2000 was 
employed for the assessment. 
One other advantage of using the Decision Lab 
2000 for this work is that the PROMETHEE results 
can be displayed visually as GAIA biplots by the 
software. Such biplots are similar to those obtained 
from classical Principal Component Analysis. But in 
contrast to ordinary PCA biplots, GAIA biplots 
incorporate an additional vector, pi, (the so called 
decision axis), which highlights the quality of the 
multi-criteria decision. If the decision axis is long, 
the most preferred objects are oriented in its 
direction and vice versa. In addition, vectors 
oriented in the same direction give similar 
information about the objects while vectors that are 
orthogonal to each other represent independent 
information about the objects (Espinasse et. al. 
1997). 
4. Results and Discussion 
4.1 Ranking of the sites  
A data matrix consisting of four objects (the 
sampling sites) and sixteen variables (the 
concentrations of the sixteen PAHs) was analysed 
by PROMETHEE under different scenarios. The 
characteristics of the scenarios are summarized 
below. Scenario 1: analysis of the raw data (no 
TEFs were used and all PAHs were weighted 
equally). In Scenario 2, the PAHs were treated 
either as carcinogenic or non-carcinogenic (IARC, 
1984). Non-carcinogenic PAHs such as 
naphthalene (NAP), acenaphthylene (ACY), 
acenaphthene (ACE), fluorene (FLU), 
phenanthrene (PHE), anthracene (ANT), 
fluoranthene (FLT) and pyrene (PYR) were given 
zero weighting while carcinogenic PAHs such as 
benzo (a) anthracene (BAA), chrysene (CHR), 
benzo (b) fluoranthene (BBF), benzo (a) pyrene 
(BAP), indeno (1,2,3-cd) pyrene (IND), 
dibenzo(ah)anthracene (DBA) and benzo 
(ghi)perylene (BGP) were given unit weighting, 
regardless of the carcinogenic potency of the 
compounds. In Scenarios 3, 4, 5, 6, 7, 8 and 9, the 
PAHs were weighted according to TEFs and EROD 
induction factors proposed in (Chu and Chen 
1984), (Clement 1988), (Thorslund & Farrer 1991), 
(Nisbet and LaGoy 1992), (Willet et al. 1997), 
(Clemons et al. 1998) and (Klimm et al. 1999) 
respectively as shown in Table 1. Finally, the multi-
scenario function of the software produced a single 
compromise solution, which took all of the 9 
scenarios into consideration. Generally, BAA, CHR, 
BBF, BAP, IND, DBA and BGP were among the 
carcinogenic PAHs that weighted in scenarios 2-9. 
In addition, ANT was weighted in scenarios 4, 6 
and 8 while BGP was not weighted in scenarios 2, 
3, 7 and 9. 
The complete ranking result for Scenario 1 is 
shown in Figure 1, where QUT (site to the far left of 
the figure) is the least polluted site and WBP (site 
at the far right of the figure) the most polluted site 
based on the concentrations of PAHs at the site.  
Figure 1: PROMETHEE II complete ranking of 
the sampling sites; each site was rated on the 
concentrations of the airborne PAHs at the site.  
 
In contrast, when the toxicities and induction 
potencies of the PAHs were considered in 
scenarios 2-9, the rank order was generally: WC > 
ANZ > QUT > WBP, although the values of the 
outranking flow, , for each site differed from one 
scenario to another. A similar rank order was 
obtained for the summation of all scenarios. The 
differences in the rank orders obtained for scenario 
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1 and scenarios 2-9 highlight the need to assess 
exposure on the basis of recognized links between 
human exposure and health effects. However, the 
similarity observed in the rank order for scenarios 
2-9 probably reflects missing values for key PAHs 
at some of the sites. To test this proposition, two 
other matrices without missing values were 
examined and the results discussed later below.  
   Unlike Scenarios 2-3 and 5-9, pyrene was 
considered as a carcinogenic material in Scenario 4 
and this is reflected in the outranking flow values 
observed in Scenario 4 and the position of the 
vector for Scenario 4 in relation to vectors for all 
other scenarios in the GAIA-scenario plot (Figure 
2). 
 
 
 
Figure 2: GAIA plot showing the spread of the scenarios 
for the present work; scenarios except 4 appeared a 
cluster. 
When the results of Muller et al. 1998 and Petry 
et al 1996 were subjected to multi-scenario 
PROMETHEE analysis, the rank order of the 
environments and the positions of the vectors 
varied from one scenario to another (Figures 3 and 
4). This is ostensibly because the genotoxcities and 
induction potencies of the PAHs are substantially 
different. Thus, it is apparent that the TEFs scale 
used has significant effects on the rank order and 
the outranking flows of the objects. Therefore, risk 
of exposure to PAHs based on one scale of TEF 
values alone should be treated with caution. Willet 
et al. 1997 reported that the order of induction 
potency for individual PAHs is BKF > BBF  > DBA > 
IND > BAP > CHR > BAA, which is quite different 
from the order of carcinogenic potency of these 
PAHs (where BkF =benzo (k) fluoranthene). 
Similarly, Klimm et al 1999, proposed that the order 
of EROD-TEFs is BBF > BAP > BKF> IDP > DBA > 
BAA, which is again different from the order of 
carcinogenic potency of these compounds. Since 
the mechanisms of action genotoxic and EROD 
induction potency of PAHs are different, exposure 
assessment should be based on both until a 
universally acceptable scale for dose-response 
relationship emerges. Secondly, it is apparent from 
the orders discussed above that the health effects 
of BAP are not always the most severe. Therefore, 
caution should be exercised when assessing risk 
associated with PAH as BaPeq. 
 
 
 
Figure 3: GAIA plot showing the spread of the scenarios 
from the data of Petry et al, 1996. 
 
 
Figure 4: GAIA plot showing the spread of the 
scenarios from the data of Muller et al, 1998. 
4.2 Multi-scenario analysis. 
In this work, although the ranking order obtained 
by using TEFs produced similar qualitative ranking 
information about the environments considered, the 
vectors obtained when data were examined on the 
basis of different TEFs scales sometimes have 
different orientation suggesting that they represent 
different information about the objects. This 
underscores the value of a multi-variate data 
analysis approach, which can simultaneously 
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evaluate all of the available option and provide a 
compromise solution to a problem with multi-variate 
dimensions. The overall scenario results in this 
work produced ranking information, which may be 
used to prioritise environment that require remedial 
action. In addition, the walking weights part of the 
software allows the potential contribution of 
individual PAHs to the overall health effects of a 
mixture of PAHs to be estimated. Thus in this work, 
the contribution of various compounds to the 
potency of the mixture showed that depending on 
the method used, BAP generally contributes 6-
56%, IND 6-83%, DBA, 6-43%, BAA 6-14%, BBF, 
0-41%, BAA, 0-14%, CHR, 0-17% and ANT 0-14%.  
Table 1: TEFs and EROD induction potency for the PAHs studied (Adapted from Petry et al. 1996) 
 TEFs/EROD potency 
 
Chu & chen 
1984 
Clement 
1988 
Thorslund 
&Farrer 
1991 
Nisbet &Lagoy 
1992 
Clemons et  al 
1998 
Willett et al 
1997 
Klimm et al 
1999 
NAP 0 0 0 0.001 0 0 0 
ACY 0 0 0 0.001 0 0 0 
ACE 0 0 0 0.001 0 0 0 
FLU 0 0 0 0.001 0 0 0 
PHE 0 0 0 0.001 0 0 0 
ANT 0 0.32 0 0.01 0.0001 0 0 
FLT 0 0 0 0.001 0 0 0 
PYR 0 0.081 0 0.001 0 0 0 
CHR 0.001 0.0044 0.0044 0.01 0.01 0.0002 0 
BAA 0.013 0.145 0.145 0.1 0.00001 0.000025 0.000027 
BBF 0.08 0.14 0.12 0.1 0 0.00253 0.00038 
BAP 1 1 1 1 0.00001 0.000354 0.0003 
IND 0.017 0.232 0.278 0.1 0 0.0011 0.000086 
DBA 0.69 1.1 1.11 1 0.05 0.00203 0.000078 
BGP 0 0.022 0.021 0.01 0 0 0 
 
Table 2: Relative contribution (expressed as percent) in carcinogenic activity of individual PAHs at the sampling 
sites to the ranking of each scenario. 
Scenario ANT CHR BAA BBF BAP IND DBA BGA 
Scenario1 6 6 6 6 6 6 6 6 
Scenario2 14 14 14 14 14 14 14 14 
Scenario3 0 0 1 4 56 1 38 0 
Scenario4 11 0 5 5 33 8 38 1 
Scenario5 0 0 5 4 37 10 41 1 
Scenario6 0 0 4 4 43 4 43 0 
Scenario7 0 3 0 41 6 18 33 0 
Scenario8 0 17 0 0 0 83 0 0 
Scenario9 0 0 3 44 34 10 9 0 
 
5. Conclusion 
We have used TEFs values proposed by various 
authors to assess the relative risk of exposure to 
PAHs. The work showed that (a) exposure 
assessment based on total concentrations of PAHs 
in a particular environment produced different 
outcomes from those that were based on the TEF 
and EROD induction potency of individual PAHs,  
(b) the outcomes are influenced by the scale of 
TEFs adopted for the assessment, (c) it is 
necessary to use all available TEF and EROD 
induction potency factors to obtain holistic 
information about the risk of exposure of pollutants 
at a site, (d) chemometrics approaches such as the 
ones described in this paper offer valuable tools for 
the extraction of such holistic information, and (e) 
multi-variate ranking enhances the identification of 
sites of concern and assist the prioritization of 
control measures. 
However, these tentative conclusions must be 
treated with caution as the presence of other toxic 
airborne pollutants such as nitro PAHs, aromatic 
amines, PCBs, PCDDs, PCDFs in the 
environments investigated may significantly affect 
human exposure. 
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Future studies on the application of this 
approach to these and other sites are planned. 
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